The discovery of a conducting two-dimensional electron gas (2DEG) at the interface between two band insulators, SrTiO 3 and LaAlO 3 , 1 has been the subject of intense scrutiny over the past decade. Hypotheses for its origin rank from a "polar catastrophe" generated by the build up of electrostatic potential in the LaAlO 3 layer, 2 to oxygen vacancy accumulation at the interface, 3 to chemical inter-mixing, 4 or to a combination of all these factors. Irrespective of its physical origin, the 2DEG at the LaAlO 3 /SrTiO 3 interface is an interesting functional entity with a wide variety of physical properties, 5, 6 and high potential for applications in oxide electronics. 7, 8, 9, 10, 11 Recent works, 8, 11, 12, 13 show that the conduction at the LaAlO 3 /SrTiO 3 interface can be switched between metallic and insulating states by an external voltage using a tip of a scanning probe microscope (SPM) as the gate, thereby replicating the functionality of a field-effect transistor.
In parallel with these investigations of the LaAlO 3 /SrTiO 3 interface, the physical properties of the LaAlO 3 layer itself have also been studied, and an unexpected ferroelectric-like behavior has been reported. 14 (See Fig. S1 in Supplementary Information). 14 The PFM patterns of these states are identical to those which would be expected from a true ferroelectric film: namely, there is a 180º phase difference between regions written with a positive and negative voltage, while the PFM amplitude is exactly zero at the boundary between these regions.
Spectroscopic PFM measurements of the electromechanical response as a function of the external bias also show hysteretic behavior ( Fig. 1(c) ). The switching behavior thus mimics that of a ferroelectric with 180º domains. , which occurs when a mechanical load exceeds 500 nN. There is no visible damage to the sample surface as a result of scanning under this loading force ( Fig. 1(f) ).
This result demonstrates that the field-induced polarization in LaAlO 3 can be reversed by pure mechanical stress.
The next step is to see whether the mechanically-induced polarization reversal can also be used to modulate the carrier density and, thus, gate the conductivity of the LaAlO 3 /SrTiO 3 interface. The results, presented in Fig. 2 , indicate that the answer is positive. Measurements were carried out using a 40 × 20 µm 2 LaAlO 3 /SrTiO 3 bridge structure fabricated on the LSAT substrate by ion milling (Fig. 2(a) ). Prior to the mechanical test, the conventional electrostatic gating was tested by applying successively +9 V and afterward −9 V using the SPM tip ( Fig. 2(a) ). This voltage causes resistance to change by a factor of 2.5 ( Fig. 2(b) ), in agreement with previously reported results. 14 Once the interface is set into the high resistance state (by poling with a -9 V bias), the effect of the mechanical stress was probed by scanning the bridge area with a grounded PFM tip while applying a variable loading force. As seen in Fig. 2(c) , the interface resistance progressively decreases with increasing the mechanical load, thus demonstrating purely mechanical gating of interface conductance. Mechanically-induced resistance states did not change for at least several hours, indicating a long retention behavior and thus piezo-memristive functionality.
The obtained results indicate that mechanical modulation is fully analogous to the electrostatic one: whatever can be achieved with a voltage, it can also be done with pressure. From the viewpoint of resistance control, the 2 µN loading force is equivalent to an electrical bias of +9 V (Fig. 2(c) ). The same equivalence can be obtained from switching of polarization ( Fig. 1(d,e) ) and coercive bias ( Fig. 1(c) ): polarization can be reversed either by a mechanical load above 0.5 N or by an electrical bias above +2 V.
Within error, these two measurements are self-consistent and give an approximate voltage/stress equivalence constant of ~4.5 V/ N. This equivalence is of the same order of magnitude as that of BaTiO 3 thin films 24 (~1.8 V/ N), where the driving force for switching is thought to be flexoelectricity.
We interpret the observed switchable PFM response and the memristive functionality of the LaAlO 3 /SrTiO 3 heterostructures in terms of oxygen vacancy migration driven by mechanical load (inset in Fig 2(a) (Fig 2(e) ). The presence of this barrier is caused by an intrinsic electric field pointing away from the (LaO) + terminated interface layer. Oxygen vacancies are mobile and amenable to migration, which can be induced by an external stimulus.
Application of an electrical field causes reversible movement of oxygen vacancies across the barrier at the LaAlO 3 /SrTiO 3 interface producing the observed switchable piezoresponse behavior in the LaAlO 3 /SrTiO 3 system. The changing oxygen vacancy distribution alters the electron density at the interface and thus the interface resistance.
We modelled the effect of the oxygen vacancy migration across the LaAlO 3 /SrTiO 3 interface by solving the drift-diffusion equations (details are given in Supplementary Information and Fig. S2 ). Starting from the situation when all oxygen vacancies are accumulated near the LaAlO 3 top surface, which corresponds to the polarization state generated by the negatively biased tip, we considered application of a positive bias of +9V, which is equivalent to a loading force of 2 µN (Fig. 2(b-c) ). This drives the oxygen vacancies out of the LaAlO 3 and into the SrTiO 3 ( Fig. 2(d) ), thereby increasing the total density of electrons in the SrTiO 3 by a factor of ~2. This density stays constant for some time after the applied bias has been removed, although the vacancies begin to gradually transfer back to the LaAlO 3 surface, which eventually restores the initial state. This long-lived non-equilibrium distribution of oxygen vacancies, and the associated change in the electron density can account for the change in the interface resistance after application of mechanical stress.
The oxygen vacancy migration can be induced either by applying an electric field or, as we report here, by imposing a mechanical stress using the PFM tip. The mechanical biasing may be attributed to the flexoelectric field arising from the tipinduced stress gradient. 29 Alternatively (or additionally) to the flexoelectric field, oxygen vacancies may also be pushed away from the LaAlO 3 surface due to the Vegard effect: since oxygen vacancies generally cause an expansion of the perovskite unit cell volume, 30 a tip-induced compression should drive them away from the tip-surface contact point. This mechanism, termed piezochemical oxidation, is known to increase the resistivity of NiO by restoring its full oxygen stoichiometry. 31 In our case, the sign of the resistance switching is opposite, because the consequence of pushing oxygen vacancies away from the tip is to drive them towards the LaAlO 3 /SrTiO 3 interface, which results in higher electron density and thus higher conductivity/lower resistivity. 
